PURPOSE. We sought to determine if sympathetic denervation of choroid impairs choroidal blood flow (ChBF) regulation and harms retina.
T he choroid is adaptively regulated by parasympathetic vasodilatory and sympathetic vasoconstrictory nerve fibers. [1] [2] [3] [4] The pterygopalatine ganglion (PPG) mediates parasympathetic control, uses nitric oxide (NO) and vasoactive intestinal polypeptide (VIP) as vasodilators, and appears to play a role in adaptive choroidal vasodilation that stabilizes ChBF during bouts of reduced systemic blood pressure (BP). 5 The superior cervical ganglion (SCG) mediates choroidal vasoconstriction, and uses noradrenaline and NPY as vasoconstrictors. 4 Sympathetic innervation of choroid becomes activated with high BP, serving to vasoconstrict choroid to prevent overperfusion. [6] [7] [8] [9] [10] [11] [12] Diminished parasympathetic innervation of human choroid is observed with aging, 13 which may cause diminished ChBF and retinal ischemia that contributes to agerelated declines. More recently, Told et al. 14 reported impaired stabilization of ChBF during high systemic BP in young individuals with a CFH risk haplotype for AMD, thus raising the possibility that impaired sympathetic control of ChBF might also harm the retina, and in some cases set the stage for AMD. In the present study, we show that sympathetic denervation of choroid via SCGx impairs the ability of ChBF to remain stable during high BP, and leads to retinal histopathologies and functional deficits within 1 to 3 months. Thus, impairment in the ability of ChBF to baroregulate in response to high systemic BP has rapid adverse effects on the retina, suggesting that sustained deficits of this type could be harmful in humans.
METHODS

Animals and Experiment Design
Adult male Sprague-Dawley rats (330-470 g; Harlan, Indianapolis, IN) were randomly assigned to either sham surgery or SCGx. For seven sham and seven SCGx rats, ERG and visual acuity were assessed for both eyes before surgery, and again 2 to 3 months' postsurgery. For these rats, ChBF was subsequently measured for both eyes by laser Doppler flowmetry (LDF), while monitoring systemic arterial BP (ABP). The rats were sacrificed and perfused with fixative after LDF, and eyes harvested for histological analysis. We killed 11 additional sham and 9 additional SCGx rats without prior functional assessments for histologic analysis alone 1 to 2 months after surgery. The shorter time point was used only for Müller cell analysis because GFAP upregulation in Müller cells is a sensitive early marker of retinal injury. All experiments were in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and with National Institutes of Health and institutional guidelines.
SCGx Surgery
Rats were anesthetized with intraperitoneal ketamine/xylazine (87/13 mg/kg). The ventral neck was shaved, skin disinfected with povidone-iodine followed by 70% alcohol, and a 2.5 to 3 cm incision made at its midline. The common carotid artery was dissected cranially to its bifurcation into the external and internal carotid arteries, and the bifurcation moved laterally to expose the SCG, which was removed bilaterally. Our surgical procedure has been described by Savastano et al., 15 and in a prior study of ours. 16 SCGx efficacy was confirmed by ptosis, and immunohistochemical evaluation of sympathetic innervation of choroid. Although the SCG projection to choroid is largely unilateral, 17 bilateral SCGx ensured all sympathetic innervation was eliminated. For two rats, we cut the ascending sympathetic trunk to the SCG bilaterally, to evaluate preganglionic deafferentation of SCG. Rats with superior cervical ganglion removal and superior cervical ganglion deafferentation were used in analysis of ABP, ChBF, ERG, visual acuity, retinal VMAT2, and ONL counts. The results were similar with superior cervical ganglion removal as with superior cervical ganglion deafferentation, and as a result both are referred to here as SCGx, and the data combined. Only rats with complete SCG removal were used in the GFAP and IBA1 analysis.
Electroretinography
ERGs were recorded using an ganzfeld ERG system (Ganzfeld; Diagnosys LLC, Lowell, MA, USA). After overnight dark adaptation, rats were anesthetized by intraperitoneal ketamine/xylazine (87/13 mg/kg), and each eye dilated with 1% cyclopentolate hydrochloride (Akorn, Lake Forest, IL, USA). Tail and forehead were sanitized with a sterile ethanol swab prior to insertion of a subcutaneous ground and reference electrode, respectively. A drop of methylcellulose gel (2% Methocel; OmniVision, Neuhausen, Switzerland) was applied to the cornea of each eye, and either silver pad electrodes or gold ring electrodes (3 mm diameter Goldring; Roland Consult, Brandenburg, Germany) were positioned on the corneal surface, with pre-post measurements made with the same electrode type. A binocular flash stimulator (ColorDome; Diagnosys LLC) was centered over the rat, and seven light intensities presented multiple times: 0.0001, 0.001, 0.01, 0.1, 1, 10, 758 scot cd/m 2 . The mean a-and b-wave amplitudes and latencies were determined for each with a custom routine (Igor Pro version 6.37), and exported to spreadsheet software (Excel; Microsoft, Redmond, WA, USA). We performed 1-way ANOVA with posthoc comparisons using statistical software (IBM SPSS version 22) to compare SCGx to sham ERG in terms of change from presurgery values, with eyes pooled.
Visual Acuity
Visual acuity was assessed using a virtual cylinder optokinetic system (OptoMotry, CerebralMechanics, Alberta, Canada), as described previously.
18, 19 The experimenter was blinded to the stimulus and the eye tested during the scoring of stimulus responses during each trial. Stimuli that varied in spatial frequency (at 100% contrast) were presented trial-by-trial by a staircase method until a threshold was determined for each eye.
Choroidal Blood Flow and Baroregulation
Following completion of visual testing, rats were anesthetized with ketamine/xylazine for ChBF assessment, as described previously. [20] [21] [22] [23] [24] The right femoral artery was cannulated for monitoring ABP via a pressure transducer (TXD-310, MicroMed Inc.; Louisville, KY, USA) and a blood pressure analyzer (Digi-Med, BPA-100; Micro-Med Inc.). The right femoral vein was catheterized for 10 mg/kg L-N G -Nitroarginine methyl ester (LNAME) delivery. The sclera of the superior aspect of each eye was exposed, and the tip of a 1-mm diameter LDF probe connected to a blood perfusion monitor (LASERFLO BPM 2 ; Vasamedics, St. Paul, MN, USA) positioned between the superior and medial rectus muscles. The continuous ABP and ChBF signals were sampled at a rate of 200/second and analyzed with commercial software (LabChart 7 Pro; Colorado Springs, CO, USA). After about 30 minutes of baseline recording, LNAME in hepanized saline (10 mg/kg) was infused to assess ChBF baroregulation during high ABP for an additional 30 minutes. For analysis, we selected 10-second blocks of ABP and ChBF for every minute of stable recording and exported the value for each time block to spreadsheet software (Microsoft Corp.). To assess baroregulation, data for each rat were grouped into 5-mm Hg bins, and all ABP values within a bin were averaged to calculate the mean ABP for that bin, as were all ChBF values within that same ABP bin.
Histology -Perfusion and Tissue Harvest
After ChBF recording, rats were perfused transcardially with 150 to 200 mL of 0.9% saline and 400 to 500 mL of paraformaldehyde prepared in 0.1 M sodium phosphate buffer (pH 7.4) with 0.1 M lysine and 0.01 M sodium periodate (PLP). Eyes were removed and corneas incised. Left eyes from rats used in ChBF recordings were then immersed and stored at 48C in EM fixative (0.5% acrolein-2% glutaraldehyde-2% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.2-7.4). Right eyes from these rats were infused with PLP, immersed in PLP for 2 hours at 48C, the cornea and lens removed, and the eye stored at 48C in 20% sucrose in 0.1 M sodium phosphate buffer (pH 7.4) with 0.02% sodium azide until cryosectioning. In the case of sham and SCGx rats that had not undergone ChBF recordings, both eyes were fixed and prepared for cryosectioning.
Immunolabeling
Sham and SCGx eyecup pairs were oriented in a mold in the same nasal-temporal orientation, surrounded by OCT compound, frozen, and sectioned across the horizontal meridian at 20 lm. The sections were processed for immunolabeling for retinal or choroidal markers, including vesicular monoamine transporter-2 (VMAT2), glial fibrillary acidic protein (GFAP), IBA1 (ionized calcium-binding adapter molecule-1), VIP, nNOS (neuronal NO synthase), and tyrosine hydroxylase (TH). Labeling was visualized either by immunofluorescence or peroxidase anti-peroxidase (PAP) methods, as described previously. 16, 19 Sections prepared by immunofluorescence were viewed using a confocal laser scanning microscope (CLSM, Zeiss 710; Carl Zeiss Microscopy, Thornwood, NY, USA). For analysis of GFAP immunolabeling in Müller cells, retinal images of PAP labeling were coded for blinded quantification of GFAP upregulation with SCGx, as described previously. 25 In brief, for a 200-lm window from two randomly sampled fields from superior retina for each rat, each GFAP immunolabeled Müller cell process was scored on a 0 to 5 scale based on its penetrance into the retina from the vitread to sclerad side and the score for all processes detected summed.
Retinal VMAT2 analysis was carried out using the thresholding tool of ImageJ (http://imagej.nih.gov/ij/; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA), as in our prior studies. 13, 19 Retinal IBA1þ microglia were manually counted blinded.
Plastic Embedding and Photoreceptor Counts
After removal from 48C, eyes were washed in 5% sucrose/0.1 mol/l cacodylate buffer three times, cornea and lens removed, dehydrated in an ascending ethanols, and eyecups embedded in JB-4 plus or JB-4 (EMS, Hatfield, PA). We cut 5 lm-thick sections in the horizontal plane, mounted them on slides, stained them with toluidine blue, and coverslipped them with mounting medium (Permount; Thermo Fisher Scientific, Rockville, MD, USA). Images of nasal and temporal retina were captured, and photoreceptor cell bodies counted blinded in a 50-lm length of outer nuclear layer (ONL) for left eye in six sham and seven SCGx rats.
RESULTS
Choroidal Blood Flow
Baseline ABP and ChBF for each of the 15 minutes prior to LNAME were persistently elevated in SCGx eyes (by 8.1% and 14.5%, respectively), which was significant by ANOVA (ABP: P ¼ 0.002; ChBF: P ¼ 0.000015; Table) . After LNAME infusion, ABP rose about 50 to 60 mm Hg above baseline in both groups, but was persistently greater in SCGx eyes over both each of the first and second 15 minutes after LNAME infusion (by 10.2% and 11.8%, respectively), which was significant by ANOVA (first 15 minutes: P ¼ 1.30 3 10 À7 ; second 15 minutes: P ¼ 8.61 3 10 À9 ; Fig. 1A ). Over the first 5 minutes of the ABP rise after LNAME, ChBF rose briefly but minimally in sham eyes before returning to baseline, and then remained below baseline (Fig.  1A) . By contrast, ChBF increased considerably more in SCGx eyes, and did not return to baseline until about 5 minutes after LNAME infusion (Fig. 1A) . Even then, ChBF remained above that in sham eyes (Fig. 1B) .
To assess baroregulation, we plotted ChBF as a function of ABP, with both normalized to baseline, for each of the fifteen minutes before and each of the 15 minutes commencing with LNAME administration, divided into progressive ABP bins of 5 mm Hg (Fig. 2) . The slope of the relationship between ABP and ChBF over the 90% to 140% of ABP baseline range was much nearer to 1 for SCGx eyes (slope ¼ 0.7255) than for sham (slope ¼ 0.3828), and ABP and ChBF were highly and significantly correlated in SCGx eyes (r ¼ 0.951) but were not for sham (r ¼ 0.483). At ABP above 140% of baseline, ChBF decreased slightly as ABP progressively increased for both groups, but ChBF remained elevated in SCGx eyes compared to sham at any given ABP. These results show that SCGx impaired choroidal baroregulation during high ABP and led to chronically elevated ChBF as well.
ERG
For the 14 SCGx eyes examined, the scotopic ERG a-and bwave peaks were delayed, and their amplitudes reduced compared to the 14 sham eyes. At intensities of 1 and 10 cd.s/m 2 , the latencies for the a-wave peak were significantly slower by 5 ms for SCGx eyes (Fig. 3A) , and the b-wave latency was slowed significantly at most intensities (Fig. 3C) . The peak amplitude of the a-wave was higher with the brighter intensities in sham than SCGx eyes (Fig. 3B) , which was most evident at 758 cd.s/m 2 , for which the reduction in SCGx eyes was 34%. Accordingly, ANOVA for the brightest light intensities For the 15 minutes before LNAME administration, and for the two 15-minute bocks after LNAME administration. The number of eyes studied for each condition and time point is indicated in parentheses.
FIGURE 1. The graphs (A, B)
show ChBF plotted as a function of ABP before and after administration of LNAME, with the arrows indicating the timing of LNAME administration. Graph (A) plots mean ABP in mm/Hg and ChBF per minute in arbitrary relative blood flow units (6 SEM). Note that ChBF obviously rose above basal for SCGx rat eyes for the 15 minutes after LNAME administration, while ChBF in sham rats remained relatively stable. Graph (B) plots ABP and ChBF as a percent of mean pre-LNAME baseline, to better show the ChBF dynamics during the ABP rise induced by LNAME. Note that ChBF in sham eyes (n ¼ 14) remained relatively flat, while that in SCGx eyes (n ¼ 14) increased nearly linearly with ABP during the initial part of the ABP rise. Although ChBF subsequently declined toward baseline about 5 minutes after LNAME administration for both sham and SCGx eyes, it persistently remained elevated above sham in SCGx eyes. Thus, SCGx impaired choroidal baroregulation during high ABP, with ChBF being abnormally high.
showed a significant reduction in a-wave amplitude in SCGx eyes (P ¼ 0.01). ANOVA also showed a significant reduction in b-wave amplitude across light intensities in SCGx eyes (P ¼ 0.01), which was noteworthy for intensities greater than 0.1 cd.s/m 2 ( Fig. 3D ). Correlation analysis showed that ERG deficits were linked to ChBF regulation defects. For example, the latencies of awave and the b-wave across all eyes were significantly correlated with the slope of their baroregulation curves at <140 mm Hg ABP (a-wave: r ¼ 0.399; b-wave: r ¼ 0.451), as well as with the ABP-ChBF correlation at <140 mm Hg ABP (a-wave: r ¼ 0.643; b-wave: r ¼ 0.543). In other words, the awave and b-wave peaks were delayed (longer latency) as baroregulation failed, as reflected in an increased slope of the ABP-ChBF relationship and a higher ABP-ChBF correlation. Moreover, both the a-and b-wave peaks were significantly inversely correlated with the ABP-ChBF correlation score at ABP <140 mm Hg (a-wave: r ¼ 0.386; b-wave: r ¼ À0.435). Thus, as baroregulation failed (i.e., higher ABP-ChBF correlation), the a-wave peak was reduced (less negative), as was the b-wave peak (less positive).
Visual Acuity
No significant difference was seen in visual acuity between eight sham eyes and eight SCGx eyes prior to surgery (P ¼ 0.35843). Two to three months after surgery, acuity in SCGx eyes was only about 50% of acuity in sham eyes (Fig. 4) , a significant reduction by two-tailed t-test (P ¼ 0.000005). Acuity across sham and SCGx eyes was significantly inversely correlated with the slopes of their baroregulation curves at ABP <140 mm Hg (r ¼ À0.541). Thus, as baroregulation failed (higher ABP-ChBF slope), visual acuity declined.
Structural and Neurochemical Changes in Retina and Choroid
The efficacy of the SCG removal was confirmed by the absence of VMAT2 containing sympathetic nerve fibers and terminals in SCGx choroid (Figs. 5A , 5B). Parasympathetic VIPþ fibers from PPG, however, remained abundant in choroid of sham and SCGx eyes (Figs. 5C, 5D ), as did nNOSþ fibers. The VMAT2 immunolabeling allowed us to also visualize dopaminergic amacrine cells of the inner nuclear layer, which receive input from on-bipolar cells and ramify in the inner plexiform layer (IPL; Figs. 5E, 5F). The abundance of VMAT2þ terminals in IPL of SCGx eyes (n ¼ 7) was significantly reduced (P ¼ 0.043) to 65.6% of sham (n ¼ 7; Fig. 5G ). Correlation analysis revealed that the abundance of VMAT2þ terminals in IPL was significantly inversely correlated with the slope of the baroregulation curve at <140 mm Hg ABP (r ¼À0.689). Thus, as baroregulation failed (higher ABP-ChBF slope), the abundance of VMAT2 þ terminals in IPL declined. A reduction in dopaminergic fibers in IPL was also seen with anti-TH immunolabeling.
GFAP in Müller cell processes was increased at 1 to 2 months after SCGx (Figs. 6A-C) , with many immunolabeled processes in SCGx eyes traversing the IPL and some extending into the inner nuclear layer (INL). By contrast, in sham retinas, GFAP-immunolabeled Müller cell processes did not extend much beyond the ganglion cell layer. Using a scoring system that reflects labeled process abundance and length, 25 GFAP immunolabeling in SCGx retinas (n ¼ 22) was significantly greater (2.5-fold, P ¼ 0.00002) than in sham (n ¼ 22; Figs. 6D,  6E) . Similarly, IBA1þ microglia in retina were significantly more abundant (3-fold, P ¼ 0.00274) in SCGx retinas (n ¼ 5) than in sham (n ¼ 5) 1 to 3 months after surgery (Fig. 7) , especially in inner retina. Too few rats that underwent ChBF measurements were used for GFAP or IBA1 immunolabeling to assess if GFAP and IBA1 elevations were correlated with baroregulatory failure. We did find, however, that the IBA1 elevation was significantly inversely correlated with acuity-the more IBA1, the worse acuity (r ¼ À0.748).
An apparent slight reduction in ONL photoreceptor cell bodies (14.7%) was seen in SCGx eyes (Fig. 8) , which trended toward significance by two-tailed t-test (P ¼ 0.19692). An adverse impact of SCGx on photoreceptors was more strongly indicated by our finding that photoreceptor abundance was significantly inversely correlated with basal ChBF (r ¼À0.684), FIGURE 3 . Graphs showing the mean flash-evoked scotopic a-and b-wave latencies (A, C) and peak amplitudes (B, D) for a series of light flashes 2 to 3 months after bilateral SCGx (n ¼ 14), compared to sham eyes (n ¼ 14). These postsurgery values for both groups are normalized to sham presurgery baseline. The b-wave peak was measured from baseline. As described in the text, the latencies were slowed and the peaks diminished for both the a-wave and b-wave for at least some light intensities in the SCGx eyes. Asterisks indicate significant differences by ANOVA post hoc tests. Errors bars are SEMs. Graphs (E) and (F) show the ERG response for a sham rat (blue) and SCG-denervation rat (red) evoked by light flashes of 1 and 10 cd.s/m 2 (E, F, respectively).
suggesting the elevated ChBF in SCGx eyes was deleterious for photoreceptor survival. Among visual parameters, photoreceptor abundance was significantly inversely correlated with awave latency (r ¼À0.634) and trended toward being inversely correlated with a-wave peak (r ¼ À0.457). Thus, loss of photoreceptors was linked to a-wave slowing (increased latency) and perhaps a reduced (more positive) a-wave peak.
DISCUSSION
Our studies indicate that sympathetic denervation of choroid impairs ChBF baroregulation during upward ABP fluctuations and increases basal ChBF, causing choroidal overperfusion. These defects have a pathological effect on retina by 1 to 3 months post SCGx. These findings and their implications are discussed in more detail below.
Sympathetic Control of Choroidal Blood Flow
Sympathetic noradrenergic nerve fibers from SCG innervate choroid, 1,2,26-32 and mediate decreases in ChBF 33-39 via alphaadrenergic receptors, 6, [38] [39] [40] [41] [42] [43] [44] as well as by NPY action. 45, 46 Although earlier studies in rabbits using labeled microspheres had reported that sympathetic denervation does not substantially affect basal choroidal tone at normal BP, 6,7,9,17,47 more recent studies have shown increased choroidal vessel luminal diameters 6 weeks after cranial sympathetic transection in rats, 48 and choroidal expansion by 6 weeks after superior cervical ganglion removal in mice. 49 Consistent with the vasodilatory effect of removal of sympathetic vasoconstrictory tone implied by the latter studies, we observed by LDF that basal ChBF was slightly but persistently elevated in SCGx compared to sham eyes (by 14.5%) at 2 to 3 months after surgery. Steinle et al. 48 as well also reported increased basal ChBF after cranial sympathetic transection in rats.
Bill 6, 7, 50 has suggested that sympathetic innervation of choroid becomes activated with elevated BP. Studies in humans have shown, in fact, that the choroid vasoconstricts after exercise-induced increases in systemic BP and thereby compensates for the increased perfusion pressure. 11, 12 Our results indicate that central baroreceptor-responsive circuitry acting via sympathetic input to choroid contributes to choroidal baroregulation during high systemic BP, as well as to basal tone. The baroregulatory impairment we observed with SCGx appears to involve failure of two components that maintain ChBF near basal levels during elevated ABP, one that acts as ABP rises rapidly and one that acts during a sustained elevation. Our results show that some non-sympathetic mechanism must also contribute to the latter, since even in the absence of SCG innervation ChBF returns toward baseline after the initial ABP rise, although ChBF remains elevated. It is uncertain if the non-sympathetic vasoconstriction is mediated by diminished parasympathetic tone or by non-neural autoregulatory mechanisms, such as endothelial vasoconstrictor release 51 or myogenic mechanisms. 52 
Choroidal Sympathetic Control and Retinal Health
In the absence of sympathetic contributions to basal choroidal tone and baroregulation during high BP, the resulting sustained ChBF increase leads to overperfusion and breakdown of the blood-retinal barrier. [7] [8] [9] [10] 53 Consistent with an adverse effect of overperfusion on retina, a significant increase in Müller cell GFAP and 30% reduction in photoreceptor cell bodies have been reported in rats 6 weeks after cranial sympathetic transection 54 and apoptosis among photoreceptor cell bodies and a diminished ERG a-wave peak was reported 10 weeks after SCGx in mice. 49 In the present study, we confirmed GFAP upregulation and photoreceptor loss after SCGx, and additionally observed loss of dopaminergic amacrine cell processes and increases in retinal microglia. We also found that scotopic flashevoked ERG a-wave and b-wave latencies were slowed, and FIGURE 4. Effect of surgery on visual acuity in the eyes of sham and SCGx rats, before and 2 to 3 months after surgery, as assessed using an optokinetic system (CerebralMechanics). Acuity did not differ between sham and SCGx before surgery, but did differ significantly afterwards (asterisk). Errors bars are SEMs.
ERG amplitudes and visual acuity reduced. The GFAP upregulation is broadly indicative of retinal pathology after SCGx, and the increase in microglia suggests retinal inflammation following choroidal overperfusion. Importantly, we found that the failure of baroregulation was significantly correlated with the slowing of the latencies and reductions in the peaks of a-and b-waves, and to the decline in visual acuity. Photoreceptors, however, seemed more affected by the increase in basal ChBF in SCGx eyes. Since dopamine receptor antagonists reduce the ERG b-wave, 55 the reduction in retinal VMAT2 may contribute to b-wave reduction in SCGx eyes. Note that pupil constriction caused by SCGx is unlikely to contribute to the retinal dysfunction or pathology we observed, since constriction would reduce light stress on the retina and aid acuity performance. Moreover, in the case of ERGs, pupils were dilated pharmacologically, so any SCGx impact on pupil was obviated.
The means by which choroidal overperfusion injures retina is uncertain, but it is likely heightened oxygen tension resulting from choroidal overperfusion increases reactive oxygen species (ROS) and oxidative stress, and thereby damages outer retinal proteins, carbohydrates and lipids, [56] [57] [58] [59] hindering function and causing apoptosis. 58 , 60 The increases in retinal microglia following SCGx are consistent with the possibility that the injury provokes an inflammatory response, 61, 62 leading microglia to produce proinflammatory and cytotoxic mediators that hinder repair and contribute to neuronal dysfunction and cell death. 63 
Implications of Current Findings
Many diseases or conditions affecting retina have impaired ChBF as concomitants, including AMD, [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] chronic hypertension, 76, 77 insulin-dependent diabetes, 78 glaucoma, [79] [80] [81] [82] ischemic outer retinal disease, 83 myopic retinopathy, 84 central serous chorioretinopathy, 85 and aging. 13, 21, 66, [86] [87] [88] Disturbances in neurogenic maintenance of basal tone or adaptive ChBF responses could be contributing factors to retinal declines seen in these diseases or conditions, although loss and narrowing of choroidal vessels may also contribute as well. 27, 76, [89] [90] [91] [92] Much of the attention on disease-related ChBF impairments has focused on diminished ChBF. Nonetheless, sympathetic control of choroid is also impaired with aging, 93, 94 and defects in choroidal baroregulation during high systemic BP occur in aging 95, 96 and wet AMD. 68 Told et al. 14 found that a CFH risk factor for AMD (i.e., CC complement factor H haplotype) was associated with impaired baroregulation of ChBF during high BP in young risk-gene carriers. The similar impairment in ChBF baroregulation seen later in symptomatic AMD 68 suggests that impairment in hypertensive ChBF baroregulation may begin early in life and persist. Our studies show that chronic impairment of sympathetic regulation of ChBF leads to outer retinal injury, and thus could contribute to AMD pathogenesis.
The study of the Schmetterer group, however, does not rule out the possibility of defects in hypotensive parasympathetic baroregulation as well. Given the evidence for reduced ChBF in symptomatic AMD, [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] it would be of value to know how early in the lifespan defects in sympathetic and/or parasympathetic regulation of ChBF occur, and whether they are driven by genetic AMD risk factors, as well as by nongenetic risk factors such as smoking. 97 Both impaired parasympathetic and sympathetic ChBF control might be especially insidious, since it would yield alternating underperfusion and overperfusion that could cause ongoing ischemia-reperfusion injury, which is known to prominently drive ROS production. 57 The outer retinal injury associated with impaired ChBF regulation may lead to waste accumulation in and along Bruch's membrane as seen in normal aging. 89, [98] [99] [100] In those with a pro-AMD genetic predisposition or risk factors, the waste may trigger the complement factor-mediated inflammatory outer retinal injury of AMD. 71, 101, 102 
